The regeneration of sensory hair cells in lateral line neuromasts of axolotls was investigated via nearly continuous time-lapse microscopic observation after all preexisting hair cells were killed by a laser microbeam.
The laser treatments left neuromasts with one resident cell type, which was supporting cells. Over the course of 1 week, replacement hair cells arose either directly via differentiation of cells present in the epithelium from the beginning of the time-lapse period or via the development of cells produced after one or two divisions of supporting cells. All of the cell divisions that produced hair cells were asymmetrical.
During the first hour after the treatment, macrophages and smaller leukocytes were attracted to the laser-treated neuromasts. The smaller leukocytes returned to control levels 48-60 hr after the treatment, whereas macrophages remained active there throughout the period of hair cell replacement. Macrophage incidence peaked 36-48 hr after the laser treatment. Macrophages phagocytosed damaged hair cells and suppot-ting cells, as well as new cells and preexisting cells without recognizable damage. The results provide direct evidence of hair cells arising as progeny produced from the divisions of supporting cells, evidence of hair cells and supporting cells arising from the same cell division, evidence relating to the timing of hair cell differentiation, and indirect evidence pertaining to proposals that hair cells sometimes arise via conversion of cells without an intervening division. The results also suggest that macrophages may influence early stages in the process of hair cell regeneration.
Key words: hair cells; regeneration; lineage; macrophages; lateral line; development Sensory hair cells of vertebrate auditory, vestibular, and lateral line sensory epithelia transduce mechanical stimuli into transmembrane electrical activity that is transmitted to the brain by cranial nerves. Loss of hair cells can result from exposure to loud sound, infections, and poisoning by aminoglycoside antibiotics or chemotherapy agents, or as a consequence of aging. In mammals, production of auditory hair cells generally is limited to the period of embryonic development (Ruben, 1967; Bredberg, 1968) ; therefore, sensory deficits that result from postembryonic loss of hair cells have been considered to be irreversible. In contrast, postembryonic production of hair cells occurs throughout life in the auditory and vestibular epithelia of fish and amphibians (Corwin, 1981 (Corwin, , 1983 (Corwin, , 1985 Jorgensen, 1981; Popper and Hoxter, 1984) in the vestibular epithelia in birds (Jorgensen and Mathiesen, 1988; Roberson et al., 1992) and in the neuromast organs of the lateral line systems of amphibians and fish (Stone, 1933 (Stone, , 1937 Speidel, 1947 Speidel, , 1948 Wright, 1947; Tester and Kendall, 1969; Corwin, 1986; Corwin et al., 1989) . Hair cell epithelia also can exhibit remarkable self-repair after trauma (Cotanche, 1987) . When avian hair cells have been killed by loud sound, the mitotically quiescent cochlear sensory epithelium responds with cell divisions at the site of damage, leading to the formation of replacement hair cells (Corwin and Cotanche, 1988; Ryals and Rubel, 1988) . Administration of tritiated thymidine after acoustic trauma to that epithelium demonstrated the presence of newly replicated DNA both in hair cells and in supporting cells at the sites of regeneration. Therefore, the question arose as to what types of cells divided during hair cell regeneration.
The body of indirect evidence strongly favors a role for supporting cells as the progenitors of replacement hair cells (Cot-win, 1986; Corwin and Cotanche, 1988; Girod et al., 1989; Katayama and Corwin, 1989, 1993; Corwin et al., 1991; Raphael, 1992 Raphael, , 1993 Weisleder and Rubel, 1993) but several other cell types have been proposed as potential progenitors for hair cells. These types have included the following:
hyaline and cuboidal cells that reside outside the inferior edge of the sensory epithelium in the avian cochlea (Girod et al., 1989; Rubel et al., 1991) ; border cells, a subset of supporting cells that have been classified as such because of their position as the outermost supporting cells at the inferior edge of that same sensory epithelium (Oesterle et al., 1992) ; and neuroepithelia-like cells that have been reported to be distributed throughout sensory epithelia in the ears of teleost fish (Presson and Popper, 1990; Presson et al., 1994) .
In the context of indirect evidence that led to uncertain conclusions, the present study was designed to provide direct observations of cell lineages leading to regenerated hair cells. The experiments took advantage of the observation that hair cells can be regenerated in lateral line organs after all preexisting hair cells have been killed (Balak et al., 1990) . The use of time-lapse recording allowed unambiguous determination of the timing and the positions of cell divisions as the time-lapse record of events was reviewed in reverse, providing direct visualization of the lineage relationships of hair cells and supporting cells and visualization of the actions of leukocytes during the formation of the replacement hair cells.
MATERIALS AND METHODS
Juvenile albino axolotls (Ambystoma mexicanurn) were obtained from the Indiana University axolotl colony and were maintained in 20% Holtfreter's solution at 10°C to retard growth until they were needed for experimentation.
Axolotls were fed live brine shrimp larvae at least every other day. A supply of axolotls that ranged in size from 15 to 25 mm was acclimated to room temperature for at least 3 d before each experiment. Identification ofcells. The lateral line system in axolotls develops in the skin from proliferative migratory cells that originate in cranial ectodermal placodes (Harrison, 1904; Stone, 1933; Winklbauer and Hausen, 1983a; Northcutt et al., 1994) . A recent report has proposed that the neuromasts of this system also contain cells from the neural crest (Callazo et al., 1994 (Jones and Corwin, 1993) . The patterns of activity of two classes of leukocytes also were quantified by tabulating their numbers and locations at 1 hr intervals throughout the time-lapse records. The sequence of events that led to the production of each new hair cell was determined by first identifying a regenerated hair cell near the end of a time-lapse recording.
The recording then was played backward frameby-frame, and the image of the hair cell was followed. At times, the image of the hair cell or its progenitor changed because it drifted from the level of focus of the microscope.
When that happened, the prominent features of the video image were traced on a transparent sheet taped to the monitor screen at a point in the time-lapse record when the cell was still reliably identifiable.
Then the tracing was aligned over an image of the neuromast that had been recorded in the same time period but at a different plane of focus on a separate segment of the optical memory disk. The procedure took advantage of the concurrent recordings made at several planes of focus, which allowed the cell to be relocated and the analysis to continue.
When the image of a regenerated hair cell could not be followed reliably through the time-lapse record, that hair cell and its progenitors wcrc excluded from further analysis. Gaps in the video record necessarily resulted from the 1-2 hr interruptions when the axolotls were fed. The shapes of individual cells, their positions relative to each other, the contents of their cell bodies, and their nuclei usually had similar appearances before and after a break. Tracings from the monitor similar to those described above were used to identify cells of interest on either side of a break in the time-lapse record to ensure that the tabulation of events was accurate. All times reported below are referenced to the start of the laser-microbeam treatment and not to the start of the time-lapse recording.
RESULTS
Hair cell ablation Sensory hair cells in individual neuromasts of the lateral line were treated one at a time by pulses of the laser microbeam brought to focus in their nuclei. The initial response to laser treatment consisted of a rapid change in the nuclear envelope of the treated cells to a DIC-bright appearance. Within minutes, the bodies of treated cells usually began to move toward the sensory pore, the opening in the epidermis at the apex of the neuromast through which the hair bundles communicate with the fluid medium outside the surface of the skin. Most of the treated cells were extruded through the sensory pore of the epithelium. Hair cells that were not extruded from neuromasts usually were phagocytosed by macrophages within 24 hr of the laser treatment, as evidenced in the time-lapse records (see below). A total of four hair cells in two axolotls survived for 24 hr after the initial laser treatment. Those cells were treated a second time, and they were removed from the epithelia by macrophages within 12 hr of the second laser treatment.
Time-lapse observations The tails of albino axolotls are translucent, and the neuromasts of the lateral line are located near the surface of the skin, so living cells can be observed at high magnification in viva using transmitted-light DIC microscopy. Time-lapse video recording of DIC images revealed cellular events that led to hair cell regenerLeukocytes Time-lapse observations of lateral line epithelia revealed the presence of highly motile leukocytes. The morphological appearance, behavioral characteristics, and histochemical staining profiles of leukocytes in the tails of axolotls have been reported previously (Jones and Corwin, 1993) . In the present study, leukocytes were classified as "small" and "large" based on size and morphology. The behavior (locomotion and phagocytic activity) and the histochemical characteristics suggested that most of the small leukocytes were neutrophilic granulocytes and that the large leukocytes were macrophages (Jones and Corwin, 1993) .
The numbers and locations of small and large leukocytes were tabulated from time-lapse recordings of normally growing control neuromasts and experimental neuromasts that were in the process of regenerating hair cells after laser treatment. Control data were tabulated from the video records of the initial 24 hr of time-lapse observation of one neuromast in each of six axolotls (12 X 12 hr intervals for a total of 144 hr of observation). Experimental data were tabulated from the initial 108 hr of time-lapse observation of a neuromast undergoing hair cell regeneration after laser hair cell ablation in each of five axolotls (45 X 12 hr intervals for a total of 540 hr of observation).
Locations were specified as the estimated positions of the centroids of the leukocytes. Three position categories were recognized: (1) in the tissue just peripheral to neuromasts, (2) among the mantle-type supporting cells of neuromasts, and (3) among the internal supporting cells of neuromasts. The incidence of leukocytes, averaged over the entire 144 hr observation in controls and over the entire 540 hr of observation in the regenerating neuromasts, was as follows. Small leukocytes were observed most often in the tissues peripheral to the neuromasts (26.4 t 1.7 cells/l2 hr of observation in experimentals; 25.6 ? 3.8 cells/l2 hr of observation in controls). Intermediate numbers of small leukocytes were observed among the mantle-type supporting cells (7.7 ? 0.8 cells/l2 hr of observation in experimentals; 8.4 ? 1.0 cells/l:! hr of observation in controls). Small leukocytes seldom were observed among the internal supporting cells and hair cells (0.4 t 0.1 cells/l2 hr of observation in experimentals; 0.2 ? 0.1 cells/l2 hr of observation in controls). The differences between the mean numbers of small leukocytes in experimental and control neuromasts were not statistically significant when global averages for the entire 540 and 144 hr observation periods were compared. In contrast, the number of large leukocytes observed in the tissue peripheral to the neuromasts increased significantly after the laser treatments, even when comparisons were made between such global averages (6.9 ? 0.8 cells/l2 hr in experimentals vs 0.6 -C 0.3112 hr in controls; p < 0.01, Student's t distribution). The incidence of large leukocytes in the mantle-type supporting cell region also increased significantly (11.3 ? 0.9 cells/l2 hr in experimentals vs 1.1 t 0.6/12 hr in controls; p < 0.01, Student's t distribution).
Relatively few large leukocytes were observed in the internal regions of neuromasts as determined by charting the centroids of the leukocytes (0.8 t 0.2 cells/l2 hr in experimentals; 0.1 -C 0.6 cells/l2 hr in controls), but internal supporting cells were contacted by pseudopodia extended from large leukocytes, the centroids of which were positioned among the mantle-type supporting cells. Pseudopodial contact by large leukocytes often was a prelude to removal of cells and phagocytosis. The data have been pooled from one untreated neuromast in six control axolotls and one laser-treated neuromast in each of five axolotls. All leukocytes that were observed among the cells of the neuromast and in its immediate vicinity were pooled for each time bin. The incidence of small leukocytes is represented in A, and the incidence of large leukocytes is shown in B. The large increase between the control (C) and the 1 hr bins (1-12) in each histogram demonstrates that the small and large leukocytes redistributed to the vicinity of laser-treated ncuromasts in numbers that were substantially higher than the numbers observed around control neuromasts. The incidence of large leukocytes continued to increase for a few hours after the small leukocytes had reached near-maximal numbers.
The difference in control incidence between the much more commonly observed small leukocytes and the large leukocytes is noteworthy (see text for additional details).
The incidence of leukocytes also was analyzed with 1 hr temporal resolution and lower spatial resolution. The total incidence of each type of leukocyte was pooled for the three categories of position (peripheral to the neuromast, among the mantle-type supporting cells, and among the internal-type supporting cells), and those numbers were tabulated for observations made each hour. This revealed that the small ( Fig. 2A ) and large leukocytes ( Fig. 2B ) already had redistributed to the vicinity of the lasertreated neuromasts 1 hr after the laser treatment. At that time, the small and large leukocytes were observed at -6 and 33 times the respective incidence observed in the vicinity of control neuromasts. The incidence of both categories of leukocytes remained J. Neurosci., January 15, 1996, 76(2):649-662 653 high in the vicinity of the treated neuromasts through several days, but the behavior of the small and large leukocyte populations became progressively different as the regenerative response continued (Fig. 3) . The small leukocytes were most common in the peripheral tissues that surrounded the neuromast, where their incidence peaked during the 12-24 hr time period (Fig. 3A) . Their incidence subsequently dropped, reaching control levels in the 48-60 hr period. Their numbers remained low from that point on as regeneration continued. In contrast, the large leukocytes were most common among the mantle-type supporting cells (Fig. 3B) . Among those cells, the incidence of the large phagocytic leukocytes increased markedly during the first 12 hr period of timelapse observation after the laser treatment and then increased more slowly to a peak during the 36-48 hr period. The number of large phagocytic leukocytes declined from that peak but remained severalfold greater than control levels throughout the entire period (108 hr) that was analyzed.
In the tails of axolotls, the behavior that uniquely distinguishes large leukocytes from small leukocytes is their phagocytosis of other cells (Jones and Corwin, 1993 
Mitoses
Mitoses of supporting cells were observed frequently in both control and laser-treated neuromasts, but hair cells were never observed in mitosis. Mitotic cells were recognized easily during DIC microscopy, particularly in the playback of time-lapse recordings.
After tail amputation, when an entire series of neuromast organs is replaced, the rate of internal supporting cell division decreases at the same time that the rate of mantle-type supporting cell division increases (Jones and Corwin, 1993 ). In the current study, the mitotic activities of internal supporting cells and mantle-type supporting cells were tabulated separately to determine whether those subpopulations of supporting cells also would exhibit different rates of proliferation in response to the selective ablation of hair cells.
Under normal circumstances, the primary criterion used in distinguishing internal supporting cells from mantle-typesupporting cells is their physical proximity to hair cells. That criterion was not applicable after hair cells had been killed, so the characterization of supporting cells as internal or mantle-type was less certain and was determined by the relative positions of the cells in those neuromasts. During the initial 12 hr interval of time-lapse observation after hair cell ablation, the mitotic activity of internal supporting cells was well below the control level (0.2 -t 0.2 mitosesil2 hr in the experimentals vs 1.9 -C 0.3 mitosesil2 hr in the controls; Fig. 4, top) . During subsequent 12 hr intervals, the rate of cell division in the internal supporting cell population increased to control levels. In contrast to the internal supporting cells, the mitotic activity of mantle-type supporting cells increased above the control value of 0.3 ? 0.3 mitosesil2 hr in the first interval tabulated, and it remained above control levels during all nine 12 hr intervals of time-lapse observation after the laser treatment (Fig. 4, hottom) . The mitotic activity of mantle-type F@re 3. The incidence of small and large leukocytes in three regions of control and laser-treated neuromasts tabulated during 12 hr internals after the laser treatment. The temporal resolution of leukocyte incidence is lower in this figure than in Figure 2 , but the spatial resolution is finer. A, The number of small leukocytes that were observed among the internal supporting cells (black bars), among the mantletype supporting cells (medium gray bars), and in the tissue peripheral to the neuromast (lightgray bars) for control neuromasts and during sequential 12 hr intervals after laser-microbeam treatment of experimentals. B, Comparable incidence for large leukocytes that appear to be macrophages. The incidence of small leukocytes increased quickly to peak during the 12-24 hr interval after the laser treatment, but declined to control levels by the 48-60 hr interval. In contrast, the incidence of large leukocytes increased rapidly, particularly among the mantle-type supporting cells, and remained elevated many times above control incidence for at least 108 hr after the laser treatments. existing hair cells (Fig. 5) . Two of the 11 laser-treated hair cells
Cell lineage
In three experiments, the lineages that gave rise to replacement hair cells were determined via frame-by-frame analysis of timelapse video records that spanned the period between hair cell loss and the development of several regenerated hair cells 5-7 d later. The cell divisions and the phagocytic activities of macrophages that affected hair cell lineages in these three experiments are described below.
Lineage experiment 1 In the first lineage experiment, four replacement hair cells identified by nuclear morphology, the presence of hair bundles, and labeling with DASPEI were formed during the 112 hr of timewere extruded from the epithelium, and 7 others were phagocytosed by large leukocytes during the initial 13 hr of observation after the laser treatment. The two remaining hair cells were treated with the laser a second time, 24 hr after the initial treatment. Those cells were phagocytosed by macrophages within 14 hr of the second laser treatment. Eighteen mantle-type supporting cell mitoses and 12 internal supporting cell mitoses were observed during the 112 hr of time-lapse observation. Twenty supporting cells were phagocytosed by large leukocytes during the period of observation. The lineages leading to the four replacement hair cells were traced through reverse playback of the time-lapse record to four cells present in the neuromast immediately after the initial laser treatment. Cells 1, 2, and 3 differenti- ated into hair cells directly from cells that were present in the epithelium at the start of the time-lapse recording. The cells that differentiated into those three hair cells did not divide during the time-lapse recording. The nuclei of cells 1, 2, and 3 developed the apically positioned spherical profiles that are characteristic of hair cell nuclei at 60,47, and 30 hr after the initial laser treatment. Cell 4 divided 36 hr after the initial laser treatment. The progeny of that cell division differentiated asymmetrically, giving rise to one hair cell and one supporting cell. The cell that became a hair cell was first recognizable as such 83 hr after the initial laser treatment, 47 hr after the cell division that gave rise to it.
Lineage experiment 2
In a second lineage experiment, three replacement hair cells (identified by nuclear morphology and the presence of hair bundles) were formed during the 168 hr of time-lapse recording after laser ablation of 11 preexisting hair cells (Fig. 6) . Five of the 11 laser-treated hair cells were extruded from the epithelium within 30 min of the treatment. Four of the remaining six hair cells were phagocytosed by large leukocytes during the 24 hr period after the laser treatment. Two hair cells that survived the initial laser treatment were treated a second time, and those cells were removed by phagocytosis within 12 hr. A total of 23 mantle-type supporting cell mitoses and 20 internal supporting cell mitoses were observed during the time-lapse recording. Nineteen supporting cells were phagocytosed by macrophages during the recording. It was possible to determine full lineages for two of the three hair cells that were regenerated. The lineage of the third hair cell could be traced back only as far as the mitosis that gave rise to it, because the immediate progenitor of that cell was rounded up in mitosis when the time-lapse recording was restarted after a feeding break. Consequently, the parent cell could not be identified with certainty in the time-lapse record that stopped before the break. By the end of the experiment, a secondary aeuromast had begun to form because of proliferation of mantle-type supporting cells on the posterior side of the epithelium (Fig. 6, left) .
Cell 1 Because of its position in the epithelium just after hair cell ablation, cell 1 was identified as an internal supporting cell. Cell 1 divided 50 hr after the initial laser treatment, and the progeny of that cell division differentiated asymmetrically into a hair cell and an internal supporting cell that appeared to remain in contact. The daughter cell that became a hair cell developed the characteristic profile of a hair cell nucleus 74 hr after the laser treatment, 24 hr after the cell division that gave rise to it.
Cell 2 Because of its position in the neuromast at the start of the experiment, cell 2 could have been either an internal supporting cell or a mantle-type supporting cell. During the initial 72 hr of time-lapse observation, the phagocytic removal of cells in the center of the neuromast caused changes that brought cell 2 to a position nearer to the center than it had been at the start of the experiment. Cell 2 divided 76 hr after the initial laser treatment, and the progeny of that cell division differentiated asymmetrically, giving rise to a hair cell and a supporting cell that did not remain in contact with each other. The daughter cell that became a hair cell was first identifiable as such 140 hr after the laser treatment, 64 hr after the cell division that gave rise to it.
Cell 3
The cell division that gave rise to the third replacement hair cell occurred 92 hr after the laser treatment. One daughter cell from that mitosis differentiated into a hair cell and was first recognizable as such 140 hr after the initial laser treatment, 48 hr after the and 106 hr after the laser treatment. Both progeny of that cell division appeared to develop as internal supporting cells. Those three cells appeared to be in contact at the end of the experiment.
Our analysis focused on progeny that differentiated into hair cells during regeneration after laser treatments, but it is noteworthy that some progeny from the divisions of mantle-type supporting cells contributed to the formation of entirely new sensory organs in the form of secondary neuromasts. This occurred via "budding" of cells from the peripheral edge of the laser-treated organs, as illustrated in Figure 6 . Budding is a normal process in the growth of aquatic amphibians, in which the primary neuromasts gradually give rise to "stitches" composed of small groups of neighboring neuromasts (Stone, 1937) . The axolotls used in these experiments were at an earlier stage of development than the stage at which secondary neuromast formation would occur in controls, but after hair cells were killed by the microbeam the treated neuromasts sometimes were observed to give rise to secondary neuromasts by budding. It is likely, therefore, that El even hair cells present in the neuromast were killed by the laser microbeam at time 0. During the 168 hr of time-lapse observation, three replacement hair cells were produced from cells within the treated epithelium. The complete lineages of two of the replacement hair cells (I and 2) could be traced back to cells that were present in the epithelium immediately after the laser treatment. The lineage of the third replacement hair cell (3) could be traced back only to the cell division that gave rise to it, because the dividing cell was in prophase of mitosis at the time when the time-lapse recording was restarted after the record was stopped to give the axolotl a feeding break. Cells 1 and 2 divided 50 and 76 hr, respectively, after the initial laser treatment. Both of those cell divisions were asymmetrical, with one hair cell and one supporting cell produced from each. Hair cell 1 arose 74 hr after the laser treatment (24 hr after the cell division that produced it). Hair cell 2 arose 140 hr after the laser treatment (64 hr after the cell division that produced it). The cell division that gave rise to hair cell 3 occurred 92 hr after the initial laser treatment.
One of the cells from that division differentiated as a hair cell, and the other produced from that division divided a second time, 14 hr after the first mitosis and 98 hr after the initial laser treatment. Both of the progeny of that cell division appeared to become supporting cells (see text for details; see Fig. 5 for notation). January 15, 1996, 16(2):649-662 changed conditions within the laser-treated neuromast influence two processes: (1) the regeneration of cells within the damaged neuromast itself, and (2) the process of secondary neuromast formation that occurs via outward migration of proliferative multipotent cells from its edge.
Lineage experiment 3 In the third lineage experiment, two replacement hair cells (identified by nuclear morphology, the presence of hair bundles, and DASPEI labeling) were formed during 159 hr of time-lapse observation immediately after the ablation of 14 hair cells. All of the laser-treated hair cells were extruded through the sensory pore of the neuromast within 30 min. A total of 21 mantle-type supporting cell mitoses and 18 internal supporting cell mitoses were observed during the 159 hr observation. Twenty-seven supporting cells were phagocytosed by macrophages. The cell lineages that led to the formation of the two replacement hair cells were traced back to two supporting cells present in the epithelium immediately after the laser treatment (Fig. 7) .
Cell 1
At the start of the time-lapse recording, cell 1 was positioned in a location intermediate between the mantle-type and the internal supporting cells, so it could not be characterized reliably as a specific subtype. Cell 1 divided 47 hr after the laser treatment, and both progeny divided a second time. One of the new cells divided 87 hr after the laser treatment, and the other cell divided 97 hr after the laser treatment. One of the cells produced from the mitosis at 87 hr was phagocytosed by a large leukocyte at 128 hr, 41 hr after the division that gave rise to it. The other developed the morphological appearance of an internal supporting cell by the end of the experiment. The cells produced from the division at 97 hr differentiated asymmetrically. One became an internal supporting cell, and the other became a hair cell. The cell that differentiated into a hair cell was first recognizable as such 123 hr after the laser treatment, 26 hr after the mitosis that gave rise to it.
Cell 2
At the start of the time-lapse recording, cell 2 appeared to be an internal supporting cell. Cell 2 divided 53 hr after the laser treatment. One of the cells produced by that division was phagocytosed by a large leukocyte 114 hr after the laser treatment, 61 hr after the cell division that gave rise to it. When that cell was engulfed, it was located near the center of the epithelium, and it appeared to have begun to take on the appearance of a developing hair cell. The other cell produced by the division at 53 hr divided a second time. The cells produced from that mitosis remained in Jones and Corwin . Hair Cel l Regeneration contact and differentiated asymmetrically. One appeared to become a supporting cell, and the other became a hair cell. The cell that differentiated into a hair cell was first recognizable as such 123 hr after the laser treatment, 29 hr after the mitosis that gave rise to it. DISCUSSION Time-lapse video recording provided direct evidence of hair cells arising as progeny produced from the divisions of supporting cells. The results also showed that a hair cell and a supporting cell can arise from the same cell division. Observations from one neuromast could be interpreted as consistent with the idea that hair cells sometimes arise by conversion of preexisting cells within the epithelium without an intervening division, but more likely alternative interpretations could explain those observations, as discussed below. Small leukocytes and macrophages were attracted to the neuromasts within 1 hr of the microbeam treatment. The incidence of small leukocytes returned to control levels 48-60 hr after the treatment. Macrophage incidence peaked just before the peak in the proliferation of the supporting cells. Macrophages phagocytosed many cells in the neuromast and remained in high numbers as the supporting cells continued to proliferate and as replacement hair cells differentiated.
The observations are consistent with the possibility that macrophages influence this form of regenerative proliferation.
Hair cell lineages Both internal supporting cells and mantle-type supporting cells can give rise to lineages that lead to hair cells. Cells that gave rise to replacement hair cells either differentiated directly as hair cells, without a cell division observed during the time-lapse period, or they underwent one or two divisions before differentiation of some of their progeny as hair cells (Figs. 5-7) . Differentiated hair cells were never observed to undergo cell division.
The populations of internal supporting cells and mantle-type supporting cells differ in their responses to laser ablation of the hair cells. During the initial 12 hr after laser treatment, the rate of proliferation in the internal supporting cells was significantly lower than the control rate, but the rate increased with time (see Fig. 4 ). In contrast, the incidence of proliferation in mantle-type supporting cells increased soon after the laser treatment. That proliferative activity peaked 48-60 hr after the laser treatment, at many times the control rate. The peak of proliferation occurred just after a peak in the incidence of macrophages positioned among the mantle-type supporting cells (Figs. 3, 4 ).
An objective lens with a high numerical aperture and a shortwavelength laser light were used to restrict the focused size of the Figure 7 . Cell lineages in the third complete time-lapse experiment leading to regeneration of sensory hair cells after laser ablations. Fourteen hair cells present in the neuromast were killed by laser treatment. During the 159 hr of time-lapse recording, two replacement hair cells were produced from cells within the treated epithelium (I and 2). Cell 1: Cell 1 divided 47 hr after the initial laser treatment, and both of the daughter cells produced by that cell division divided a second time. One daughter cell divided 87 hr after the laser treatment, and the other daughter cell divided 97 hr after the laser treatment. One of the daughter cells of the mitosis at 87 hr was phagocytosed by a large leukocyte at 128 hr, 41 hr after the division that gave rise to it (x, phagocytosis). The other daughter cell had the morphological appearance of an internal supporting cell at the end of the experiment. The daughter cells of the division at 97 hr differentiated asymmetrically. One daughter cell became a supporting cell (SC), and the other daughter cell became a hair cell (Hc). The cell that differentiated into a hair cell was first recognizable as such 123 hr after the laser treatment, 26 hr after the mitosis that gave rise to it. Cell 2: Cell 2 divided 53 hr after the laser treatment. One of the daughter cells of that cell division was phagocytosed by a large leukocyte 114 hr after the laser treatment, 61 hr after the cell division that gave rise to it. At the time that the cell was engulfed, it was located near the center of the epithelium, and it had begun to take on the appearance of a differentiating hair cell. The second daughter cell produced by the cell division that occurred at 53 hr divided a second time, 94 hr after the laser treatment. The daughter cells of that mitosis differentiated asymmetrically. One daughter cell had the appearance of a supporting cell at the end of the experiment, and the other daughter cell differentiated into a hair cell. It first became recognizable as a differentiating hair cell 123 hr after the laser treatment, 29 hr after the mitosis that gave rise to it (see text for details). (Balak et al., 1990; Kelley et al., 1995) . It should be noted, however, that the initial decline in the incidence of cell divisions in the internal supporting cells (see Fig. 4 ) still might be related to inadvertent damage resulting from laser irradiation caused by the proximity of those cells to the targeted hair cells.
The first regenerated hair cells consistently appeared in the center of each laser-treated neuromast, suggesting that the position of an undifferentiated cell influences the decision to differentiate as a hair cell. It has been suggested that lateral inhibitory .interactions guide fate decisions in regenerating and developing hair cell epithelia (Corwin et al., 1991; Lewis, 1991) via cell-cell signaling mechanisms analogous with those that determine cell fate in the development of the sensory bristles and compound eye of Drosophila (Ghysen and Dambly-Chaudiere, 1988, 1989; Tomlinson, 1988; Basler and Hafen, 1989; Zipursky and Rubin, 1994) .
The central cells that differentiated as the first replacement hair cells were located consistently at mid-depths in the sensory epithelium, suggesting that position relative to the underlying extracellular matrix also contributes to the decision to differentiate as a hair cell. Adhesion to extracellular matrices influences cell fate in the cornea, testis, endothelium, and retina (Hay, 1980; Hadley et al., 1985; Reh et al., 1987; Grant et al., 1989; Reh, 1989) . In the hair cell epithelia, supporting cells appear to remain in contact with the basement membrane, whereas differentiated hair cells do not have basement membrane contacts. We hypothesize that one stage in the determination of hair cell fate depends on events that remove an undifferentiated cell from contact with the basement membrane or prevent a new cell from establishing that contact. Observations of the initial stages of hair cell regeneration in this study and in previous reports have provided evidence consistent with that hypothesis (Balak et al., 1990; Kornblum et al., 1990; Jones and Corwin, 1993) .
The role of supporting cells With few exceptions, specific markers for supporting cells are lacking (Goodyear et al., 1995) , so a supporting cell can be identified with only limited confidence. In contrast, hair cells usually can be identified with confidence even at an early stage. The absence of specific markers also limits the ability to distinguish mature supporting cells from dormant progenitor cells or other potential subtypes that could be present in the epithelia (Presson and Popper, 1990; Presson et al., 1994) or from undifferentiated progeny produced from recent divisions.
In cultured embryonic mammalian organs of Corti, time-lapse microscopy and [3H]thymidine autoradiography have shown that outer hair cells can be replaced via a nonproliferative mechanism involving a change in fate for preexisting cells beneath the site of a laser-microbeam lesion (Kelley et al., 1991 (Kelley et al., , 1995 . It has been proposed that nonproliferative replacement of lost hair cells also occurs during postembryonic life in birds and frogs (Raphael and Miller, 1991; Baird et al., 1993) . The lineage results illustrated in Figure 5 could be interpreted as being consistent with such a phenomenon.
One mechanistic hypothesis is that new cells become functional supporting cells when they have developed to a state of intermediate or partial differentiation, but under conditions that result from trauma they could differentiate further to give rise to replacement hair cells via a nonproliferative conversion of cell phenotype. Such a conversion would be somewhat analogous with the progression through states of intermediate differentiation that is followed by maturing lymphocytes (Sprent et al., 1991; Sprent, 1993; Alberts et al., 1994) . The direct observations of cell lineage in this study indicate that sister progeny from the same cell division can become either supporting cells or hair cells, suggesting that both progeny of such a division start with equivalent potentials for cell phenotype differentiation.
It should be noted, however, that alternative explanations could account for the current evidence. Supporting cells divide and new hair cells differentiate continuously as lateral line sensory epithelia of axolotls grow during postembryonic life. Therefore, at the time of the laser treatment, the cells in Figure 5 that eventually differentiated as hair cells actually could have been undifferentiated progeny that had been produced by cell divisions occurring a short time before the start of the recording. Such cells could have been progressing toward differentiation into hair cells already, or they could have been at a stage at which their fate had not been determined.
In evaluating the alternative interpretations, it is important to note that the three hair cells that differentiated directly from preexisting cells became recognizable as hair cells at 30,47, and 60 hr after the laser treatment. Those times are within the normal range of intervals between a cell division and the recognizable differentiation of progeny as hair cells (range 24-64 hr). Furthermore, those cells were the first to become recognizable as hair cells in this study, and there were no indications of nonproliferative hair cell replacements observed in any of the other time-lapse recordings. Considerable evidence has established that mature and, in some species, mitotically quiescent supporting cells in fish, amphibians, birds, and mammals retain the ability to re-enter the cell cycle to divide during postembryonic life (Corwin, 1981 (Corwin, , 1985 Corwin and Cotanche, 1988; Girod et al., 1989; Raphael, 1993; Warchol et al., 1993) . Labeling with [3H]thymidine has established that the new cells arising from those supporting cell divisions at sites of lesions can differentiate as replacement hair cells and supporting cells. The observations presented in Figure 5 are potentially consistent with such a proliferative mechanism for hair cell regeneration.
Patterns
of hair cell differentiation The dividing cells that gave rise to regenerated hair cells were multipotent.
One of the progeny differentiated as a hair cell, and the other either continued to proliferate or appeared to become a supporting cell (Figs. 5-7) . Investigations in Xerzopus laevis also concluded that lateral line organs were formed via asymmetrical divisions in the proliferative placode (Winklbauer and Hausen, 1983a,b, 1985a,b) . These observations contrast with indirect evidence which suggests that hair cells frequently are formed in pairs in the larger lateral line canal organs of bullseye and cardinal fishes (Rouse and Pickles, 1991) . Isolated pairs of hair cells of the same apparent cellular age, determined on the basis of the small size of their hair bundles, were observed to be scattered throughout the more homogeneous mature hair bundles in the epithelia. It appears that hair cells can differentiate singly in some instances and in pairs in others. Such patterns are consistent with the hypothesis that fate decisions are under the control of mechanisms that respond to stochastic changes in cell environments. The apparent paired production of hair cells in canal neuromasts of some teleost fishes also may be an adaptation that contributes to cell turnover or to the large size of those epithelia, which contain several thousand hair cells each (Rouse and Pickles, 1991) , rather than the 30 or fewer that are present in the neuromasts of axolotls and Xenopus. Leukocytes Leukocytes phagocytosed laser-treated hair cells that were not extruded from neuromasts as well as many untreated supporting cells (Table 1) . Supporting cells that were phagocytosed after nearby laser treatments could have suffered damage that we did not recognize. But a majority of the phagocytosis of supporting cells occurred 2 d or more after the laser treatment. This is after the time during which a laser-evoked response would have been expected. Newly produced cells were phagocytosed on several occasions (Fig. 7) , and supporting cells were phagocytosed in the control neuromasts (Table 1) . We conclude that phagocytic removal is a normal process in these cell populations and is not dependent only on laser-mediated damage. Leukocytes inX. laevis blood smears share morphological characteristics and staining patterns similar to those of leukocytes in mammals (Hadji-Azimi et al., 1987 ). An earlier time-lapse investigation of the lateral line used morphological, behavioral, and histochemical criteria similar to those in mammals to distinguish motile cells observed in axolotls as small granulocytic leukocytes and larger macrophages (Jones and Corwin, 1993) .
Leukocytes are involved in both forms of lateral line regeneration that we have investigated. After amputation of the tip of the tail, leukocytes undergo a spatial redistribution that brings them to the neuromasts that will give rise to proliferating cells that form a regenerative placode (Jones and Corwin, 1993) . After hair cell loss evoked by laser-microbeam treatments within otherwise intact neuromasts, macrophage numbers increased rapidly in the vicinity of the treated neuromasts. These macrophages could influence the nearby cells of the neuromasts via enzymatic activity or growth factor secretions. Macrophages have the potential to secrete transforming growth factor-a, basic fibroblast growth factor, and epidermal growth factor, as well as other mitogenic growth factors and cytokines (Nathan, 1987; Unanue and Allen, 1987; Riches, 1988) that have mitogenic effects in many tissues (Nathan, 1987; Rappolee et al., 1988; Higashiyama et al., 1991) . In that respect, it is noteworthy that the peak of the incidence of macrophages in the vicinity of the treated neuromasts occurred just before the peak in proliferation of the mantle-type supporting cells. Additional experimentation is required to determine whether this timing reflects a causal relationship between macrophage activity and the increased proliferation of these hair cell progenitors.
